VOLUME 23 NUMBER 12 DECEMBER 2016 nature structural & molecular biology a r t i c l e s Telomeres cap chromosome ends and are essential for genome stability, cell proliferation and human health. Dysfunctional critically short telomeres trigger cell senescence or apoptosis, which in turn drive aging-related degenerative pathologies and loss of regenerative capacity 1,2 . Telomeres shorten progressively with cell division, owing to the 'end replication problem' . To compensate for this shortening, telomerase lengthens telomeres by adding GGTTAG repeats 3 . In humans, telomeres consist of approximately 1,600 TTAGGG duplex repeats and terminate in a single-strand overhang 4 . Telomerase is expressed in human germ and stem cells, and is upregulated in 90% of cancers, in which it enables continued cell proliferation 4,5 . Thus, telomerase regulation is a critical determinant of degenerative diseases and cancer.
a r t i c l e s
Telomeres cap chromosome ends and are essential for genome stability, cell proliferation and human health. Dysfunctional critically short telomeres trigger cell senescence or apoptosis, which in turn drive aging-related degenerative pathologies and loss of regenerative capacity 1, 2 . Telomeres shorten progressively with cell division, owing to the 'end replication problem' . To compensate for this shortening, telomerase lengthens telomeres by adding GGTTAG repeats 3 . In humans, telomeres consist of approximately 1,600 TTAGGG duplex repeats and terminate in a single-strand overhang 4 . Telomerase is expressed in human germ and stem cells, and is upregulated in 90% of cancers, in which it enables continued cell proliferation 4, 5 . Thus, telomerase regulation is a critical determinant of degenerative diseases and cancer.
Oxidative stress contributes to the pathogenesis of numerous human diseases including cancer and results from an imbalance between the production of reactive oxygen species (ROS) and cellular antioxidant defenses. The G-rich nature of TTAGGG repeats renders telomeres highly susceptible to oxidative damage, and oxidative stress accelerates telomere shortening 6, 7 . ROS are generated as a result of normal oxygen metabolism and pro-oxidant environmental exposures, and are elevated at sites of chronic inflammation 8, 9 . Free-radical reactions with DNA generate chemical alterations, including the common lesion 8-oxoG. Oxidative lesions in telomeric DNA are associated with changes in telomere length and integrity 6, 7, 10 .
ROS also react with free-nucleotide pools, and recent studies have underscored the importance of oxidized dNTPs in regulating genome stability and cell survival. Free dNTPs are more susceptible to oxidation than duplex DNA 11 , and insertion of oxidized nucleotides into the genome during replication leads to mutations and cell death [12] [13] [14] . Nudix hydrolase 1 (NUTD1 or MTH1) converts 8-oxodGTP to 8-oxodGMP, thereby preventing its utilization during DNA synthesis 15 . MTH1 upregulation occurs frequently in various cancers 16, 17 . Cancer cell lines are addicted to MTH1, partly because of dysfunctional redox regulation 18, 19 , and are more sensitive than normal cells to MTH1 inhibitors 14, 17 . However, the effects of oxidized dNTPs on telomere maintenance and integrity are unknown.
During base excision repair, 8-oxoguanine DNA glycosylase (OGG1) removes 8-oxoG from the genome 20 when the damaged base pairs with cytosine, but not when it is present in single-stranded DNA or in G-quadruplex (GQ) structures 21 . Notably, an unbiased screen in yeast for genes altering telomere length has revealed that ogg1-deletion strains have longer telomeres than those in wild-type strains 22 , and this lengthening depends partly on telomerase 23 . Ogg1 −/− mice also have longer telomeres in vivo, but culturing cells from these mice in pro-oxidant conditions induces accelerated telomere shortening 10 . Thus, changes in cellular oxidative state influence telomere length. This paradox, in which 8-oxoG in telomeres promotes telomere lengthening, whereas oxidative stress causes telomere shortening, suggests a level of complexity inherent in ROS-induced DNA damage that remains unresolved.
Here we examined how the oxidized base 8-oxoG regulates telomerase activity when it is present in either the telomeric overhang or within the dNTP pool. We found that 8-oxodGTP incorporation by telomerase terminates the chain, thereby preventing telomere restoration and promoting cell death. In contrast, the presence of a preexisting 8-oxoG in the telomeric overhang enhances telomerase activity by destabilizing the GQ structure in the folded overhang. Therefore, we demonstrate that 8-oxoG has a dual role in inhibiting or stimulating telomerase, depending on whether the free dNTPs are oxidized and inserted during extension, or the telomeric DNA is directly oxidized by free radicals.
RESULTS

8-oxodGTP insertion is a telomerase chain terminator
We tested whether telomerase could introduce an 8-oxoG into telomeric DNA via utilization of 8-oxodGTP during telomere elongation. The protein component (telomerase reverse transcriptase (TERT)) catalyzes reverse transcription of an integral 11-nt RNA template located within the RNA component (TR) and adds repeats to the overhang 3 . The catalytic steps are as follows: (i) the overhang anneals to the RNA template, thus forming a short DNA-RNA hybrid that primes TERT-mediated DNA synthesis; (ii) telomerase elongates the overhang by using its template; (iii) telomerase translocates and realigns with the template, thereby priming synthesis; and (iv) cycling back to elongation generates the characteristic 6-nt-product pattern (Fig. 1a) . The number of repeats added before telomerase dissociation determines the processivity 24 .
To probe for 8-oxodGTP incorporation, we used the standard telomerase substrate of three TTAGGG repeats (3R) and examined the activity of immunopurified FLAG-tagged telomerase overexpressed in human HEK 293T cells. This well-characterized supertelomerase extract exhibits kinetic properties similar to those of endogenous telomerase 25 . We conducted reactions with widely used high dNTP concentrations and with cellular dNTP concentrations 26 . Using cellular concentrations is biologically relevant and important because the dNTP-pool balance and concentrations affect the accuracy of DNA polymerases 27 . Telomerase was similarly processive with both dNTP mixes, but the product yield was lower with the cellular dNTP mix, as observed in reactions with [α-32 P]dGTP ( Supplementary  Fig. 1 ). We used radiolabeled dTTP in the reactions with 8-oxodGTP. Reactions with high dNTP concentrations showed aberrant product termination after dTTP incorporation, owing to the imbalance with low dTTP. Nevertheless, increasing substitution of dGTP with 8-oxodGTP dramatically inhibited telomerase extension ( Fig. 1b and  Supplementary Fig. 1 ). The pattern of hexameric-repeat addition was restored in reactions with cellular dNTP concentrations, and the inhibitory effects of 8-oxodGTP were even more apparent (Fig. 1b,c) . Complete substitution of dGTP with 8-oxodGTP generated a prominent band indicating termination after incorporation opposite template U and a weak band indicating incorporation opposite rC. These data suggest that telomerase can incorporate 8-oxodGTP opposite rC, albeit poorly, and that further extension from an 8-oxodGTP-C base pair is highly inhibited.
For the 3R substrate, the first repeat addition occurs opposite rArArUrC before translocation. Hence, if 8-oxodGTP is incorporated opposite rC, then further extension requires immediate translocation (Fig. 1a, step 3) . Therefore, the problem may arise with translocation rather than extension. The GG(TTAGGG) 2 TTAG substrate allows for 8-oxodGTP incorporation opposite cytosine (rCrCrArArUrC) and extension before translocation. Increasing substitution of 8-oxodGTP for dGTP led to dramatic telomerase inhibition, with no detectable product in reactions lacking dGTP (Supplementary Fig. 2 ). This result confirms that telomerase extension after 8-oxodGTP incorporation is highly unfavorable, and the lack of extension is not due to translocation inhibition.
Telomerase incorporation of 8-oxodGTP is mutagenic
DNA polymerases can insert 8-oxodGTP opposite cytosine or adenine, although steric clashes of 8-oxodGTP-C base pairs favor insertion opposite adenine 12, 28 . The accuracy of telomerase is not well established, thus raising the possibility that incorporation opposite rC might have resulted from erroneous insertion of dATP, dTTP or dCTP rather than from 8-oxodGTP insertion. To definitively test whether telomerase could incorporate 8-oxodGTP, and whether such incorporation is error prone, we radiolabeled the primer and added increasing concentrations of only dGTP or 8-oxodGTP. Reaction with a single dNTP type is a well-established method for defining polymerase fidelity (i.e., selectivity for correct rather than incorrect or damaged dNTPs) and dNTP affinity [29] [30] [31] . Unexpectedly, mutagenic incorporation opposite rA occurred even at the low concentration of 5 µM dGTP, and run-on addition occurred at high dGTP (Fig. 2a) . 8-oxodGTP, compared with dGTP at 5 µM, showed significantly more (50%) misinsertion opposite rA but minimal extension to the next template rA, even at high amounts (Fig. 2b,c) . At low dNTP (5 µM), the total primers extended with 8-oxodGTP were statistically similar to extension with correct dTTP, but extension to the next rA was significantly higher for dTTP compared with mutagenic dGTP or 8-oxodGTP (Fig. 2b,c) . All products (1 nt added and longer) required incorporation opposite the first rA. Next, we tested incorporation opposite two adjacent template rCs. Again, we observed run-on addition of dGTP incorporation beyond rC but poor incorporation and extension with 8-oxodGTP and mutagenic dATP ( Fig. 2d-f) . These data indicate that telomerase can utilize 8-oxodGTP during DNA synthesis but that it preferentially misincorporates 8-oxodGTP opposite rA versus rC, and further extension is greatly inhibited.
Telomere dysfunction due to oxidized dNTPs Elevating oxidized dNTPs via MTH1 depletion or inhibition causes 8-oxoG incorporation into the genome and cell death or senescence 14, 32 . Cancer cells, compared with normal cells, are thought to exhibit greater sensitivity to MTH1 inhibition, as a result of a higher pro-oxidant state, but another notable difference is that most cancer cell lines depend on telomerase for proliferation 5 . Because 8-oxodGTP is a telomerase chain terminator, we reasoned that cancer cells with critically short telomeres might be the most vulnerable to telomerase inhibition. To test this possibility, we depleted MTH1 in HeLa LT cells with long telomeres (~27 kb) and HeLa VST cells with very short telomeres (~3.7 kb) 33, 34 ( Supplementary Fig. 3a) . Transduction of the cells with lentiviruses expressing two distinct short hairpin RNAs (shRNAs) targeting MTH1 (sh4 and sh5) and subsequent selection with puromycin suppressed MTH1 expression by ~80-90% (Fig. 3a) . MTH1 depletion increased nuclear 8-oxoG staining in both cell lines ( Supplementary Fig. 3c ), as has been reported for other cell lines 14, 32 . These findings indicate an increase in total cellular 8-oxoG levels in nucleotide pools and incorporation into DNA. Although oxidized dNTPs significantly inhibited proliferation of the HeLa VST cells, the HeLa LT cells were largely unaffected (Fig. 3b) . The difference in sensitivity was not due to differences in expression of the ROS-scavenging enzymes catalase or superoxide dismutase ( Supplementary Fig. 3b ). The decreased proliferation was a result of apoptosis, as indicated by increased annexin V staining and caspase 3 cleavage in the MTH1-depleted HeLa VST cells, compared with controls, an effect that continued to day 6 after infection ( Fig. 3c-e and Supplementary Fig. 4a,b) . In contrast, MTH1 depletion in HeLa LT cells, compared with control cells, did not induce apoptosis ( Fig. 3c-e and Supplementary Fig. 4a,b) .
Next, we examined whether an increase in oxidized dNTPs would affect telomere integrity. MTH1 depletion significantly increased formation of 53BP1 foci in HeLa VST cells, as has been reported for other cell lines 14, 32 , but not in HeLa LT cells (Fig. 4a-c) . 53BP1 is a DNA-damage-response protein that localizes to DNA double-strand breaks or dysfunctional telomeres; therefore, 53BP1 foci at telomeres are often referred to as telomere-dysfunction-induced foci (TIFs) 35 . MTH1 depletion in HeLa VST cells induced a six-fold increase in cells displaying three or more TIFs and in the average TIFs per nuclei, whereas HeLa LT cells were unaffected ( Fig. 4c and Supplementary  Fig. 3e ). The number of TIFs in HeLa VST was probably underestimated, given that their very short telomeres are difficult to visualize. MTH1 depletion did not induce obvious TRF2 displacement from the telomeres (Supplementary Fig. 3d ), a result consistent with a lack of induced telomere fusions (Fig. 4d) . Instead, MTH1 depletion significantly increased chromatids lacking telomere staining (signalfree ends) in HeLa VST cells compared with controls, but not in HeLa LT cells (Fig. 4d,e) . MTH1 depletion also increased fragile telomeres, as manifested as chromatid ends containing multiple telomeric signals, in the HeLa VST cells (Fig. 4d,e) . Interestingly, the control HeLa VST cells showed more signal-free ends (or critically short telomeres) than did HeLa LT cells, but the control HeLa LT cells contained more fragile telomeres. The latter may be related to decreased TRF1 occupancy in cells with very long telomeres 36 , because TRF1 prevents telomere fragility by promoting replication 37 . We passaged cells surviving after MTH1 depletion to test for effects on telomere shortening rates but found that MTH1 expression had recovered to ~30% in both cell lines and almost completely recovered in the sh5 HeLa VST (Supplementary Fig. 3f ). These results suggest strong selective pressure for MTH1 activity after continued passaging under 20% oxygen. Our results indicate that in telomerase-expressing cancer cells, a r t i c l e s the presence of shortened telomeres influences sensitivity to the adverse effects of oxidized dNTPs on cell survival and telomere integrity. To further examine a potential role of telomerase activity in mediating sensitivity to oxidized dNTPs, in side-by-side experiments we compared MTH1 depletion in primary BJ skin fibroblasts with BJ-hTERT fibroblasts expressing exogenous telomerase. We found that, in agreement with previous work, MTH1 depletion primarily induced cell senescence in fibroblasts rather than apoptosis 32 ( Supplementary Fig. 4c and Supplementary Fig. 5c ). However, the BJ-hTERT cells were more sensitive than the telomerase-negative BJ cells, as evidenced by a greater induction of senescence-associated β-galatosidase activity and p53 expression, and decreased cell proliferation compared with that in controls (Supplementary Fig. 5 ). These data suggest that telomerase activity modulates cellular sensitivity to oxidized dNTPs.
Telomerase extension from a preexisting 8-oxoG terminus 8-oxoG can arise in the telomeric overhang through telomerase incorporation of 8-oxodGTP or by direct free-radical reaction with guanines in the overhang. We tested whether telomerase would be able to extend an overhang with a preexisting terminal 8-oxoG by using substrates of three (3R) or four (4R) TTAGGG repeats with a 3′-G or 8-oxoG (Fig. 5a) . Telomeric overhangs in cells consist of 8-30 repeats and thus can fold into GQ structures, which impede telomerase loading [38] [39] [40] [41] . The 3R substrate lacks sufficient sequence to form GQs and allows testing for 8-oxoG effects in the absence of structure, whereas the 4R substrate enables testing of 8-oxoG effects in the context of biologically relevant structures. The terminal 8-oxoG substitution in 3R minimally affected telomerase processivity and total activity (Fig. 5) , in contrast to results of experiments with 8-oxodGTP (Fig. 1) . Telomerase also extended 3R primers when the terminal 8-oxoG aligned with rA in the template, with no significant decrease in efficiency (Supplementary Fig. 6a-c) . These data suggest that a preexisting terminal 8-oxoG does not impair telomerase loading. The 4R substrate was poorly extended by telomerase, owing to stable GQ folding (Fig. 5a) . Notably, the presence of a single 8-oxoG, compared with the unmodified 4R substrate, caused a dramatic restoration of processivity and activity (Fig. 5a-c) . These data show that a preexisting terminal 8-oxoG minimally affects overhang annealing to the telomerase template in the absence of structure but highly enhances telomerase loading on the GQ-forming substrate.
Use of the 4R substrate revealed a prominent band coinciding with unextended oligonucleotides that was not visible for the 3R substrate, owing to overlap with the loading control (Fig. 5a, arrow) . The product resulted from telomerase extension of a degraded oligonucleotide shortened to (TTAGGG) 3 TTA. This result suggests that with a terminal 8-oxoG-rC base pair, the enzyme is in a nonproductive extension complex that promotes the reverse polymerase reaction, as has been described for HIV-RT 42 . The telomerase preparations lacked detectable contaminating exonuclease ( Supplementary  Fig. 7a ). However, we observed enhanced degradation products on primers terminating in 8-oxoG compared with unmodified primers in telomerase reactions containing only dGTP ( Supplementary  Fig. 7b,c) . This finding is consistent with our results that extension (Fig. 1) . Primer degradation also occurred, but was not enhanced, when the primer 8-oxoG aligned with template rA (Supplementary Fig. 6d,e) . This result is consistent with increased efficiency of telomerase 8-oxodGTP incorporation opposite rA versus rC (Fig. 2) and suggests that the 8-oxoG-rC base pair is more distorting than 8-oxoG-rA in the telomerase active site.
8-oxoG restores telomerase activity by disrupting G-quadruplex structure
Primer degradation and removal of the preexisting terminal 8-oxoG (Fig. 5) complicates interpretation of an 8-oxoG role in telomerase loading and extension. To circumvent this complication, we prepared 3R and 4R substrates with 8-oxoG substituted for the middle G of the last repeat. We did not observe any primer degradation a r t i c l e s products, thus indicating that the 8-oxoG remained intact, and the adjacent terminal G-rC base pair was efficiently extended (Fig. 6a) .
For the 3R substrate, the middle 8-oxoG did not affect processivity but decreased relative activity under cellular dNTP conditions (Fig. 6b,c) . Telomerase was less sensitive to 8-oxoG with artificially high dNTPs. These studies indicate that a middle 8-oxoG may alter optimal telomerase annealing with the 3R overhang but does not interfere with extension from the G-rC base pair. Similarly to the terminal 8-oxoG, a middle 8-oxoG in the GQ-forming substrate (4R), compared with the unmodified substrate, dramatically restored processive elongation and significantly increased telomerase activity (Fig. 6a-c) . We obtained the same result when an 8-oxoG was inserted in the second telomeric repeat, distal from alignment with the RNA template (Fig. 6d) . To determine the mechanism of the enhanced activity, we used a single-molecule approach that enabled probing of the GQ structure at high spatial, temporal and molecular resolution. Bulk-phase biochemical studies have indicated that telomeric DNA with 8-oxoG can fold into GQ, but the lesion lowers the GQ melting temperature 21, 43 . We prepared a single-molecule fluorescence energy transfer (smFRET) reporter of telomeric GQ folding 39 . The two dyes located at both ends of the GQ-forming DNA segment with four TTAGGG repeats yielded a high-FRET peak of 0.8 in 100 mM KCl, which is indicative of compact GQ folds 39, 44 (Fig. 7a) . However, the FRET peaks for the molecules with a middle 8-oxoG in the terminal repeat shifted to a lower value indicating a less tightly folded state (Fig. 7b) . Representative single-molecule traces of the 4R substrate displayed stable high FRET, whereas approximately 25% of the 8-oxoG molecules exhibited FRET fluctuations indicating structural dynamics (Fig. 7c) . Dwell time determination on the basis of time spent by molecules in a low-FRET state, collected from over 300 smFRET traces revealed a dwell time of 8 s (Fig. 7d) . To test the accessibility of the substrates, we applied a (CCCTAA) 4 complementary oligonucleotide, which shifted the FRET histogram to a low-FRET peak for the 4R 8-oxoG substrate but not for the unmodified substrate (Fig. 7e,f) . These studies strongly suggest that 8-oxoG restores telomerase activity on GQ-forming substrates by destabilizing the structure, thereby increasing telomerase accessibility and loading.
DISCUSSION
The excess of free radicals under oxidative-stress conditions elevates oxidation of DNA and of the free-nucleotide pools. Here we found that 8-oxoG can arise in telomeres through telomerase incorporation of 8-oxodGTP, in addition to the established mechanism of telomeric DNA reacting with free radicals 45 . Our studies reveal a dual role of 8-oxoG in regulating telomerase elongation of telomeres (Fig. 7g) . We propose that this duality leads to the paradoxical observations that under normoxic conditions unrepaired 8-oxoG lesions promote telomere lengthening, whereas oxidative stress and pro-oxidant conditions promote telomere dysfunction or shortening 6, 10 .
We demonstrate that 8-oxodGTP promotes chain termination after insertion by telomerase. This result suggests that perturbations at the primer terminus after damaged-nucleotide incorporation prevent the alignment of the catalytic groups and subsequent insertion and extension. Mechanistic insight into the structural changes within the active site can be gained from DNA polymerase studies that have used 8-oxoG in the template or an 8-oxodGTP inserted at the primer termini. These crystallographic studies have indicated that 8-oxoG promotes adverse changes to the nucleoside sugar pucker and phosphate backbone arising from the clash at the oxygen (O8) adduct, and insertion of 8-oxodGTP leads to an overall instability at the primer terminus and a loss of base-pairing interactions 12 . The changes are likely to promote misalignment of the primer terminus after Table 1 , oligonucleotides 11 and 6). Uncropped gel images are shown in Supplementary Data Set 1.
1 0 9 8 VOLUME 23 NUMBER 12 DECEMBER 2016 nature structural & molecular biology a r t i c l e s 8-oxodGTP insertion, which then inhibits extension. This phenomenon is the basis of chain-terminating analogs, which also inhibit telomerase 46 . The result that telomerase can extend a primer with a preexisting terminal 8-oxoG (Fig. 5) was unexpected, given that 8-oxodGTP incorporation is chain terminating (Fig. 1) . There are several possible explanations for this observation. First, previous studies have reported that a telomerase-associated nuclease can remove 3′ blocking nucleotides, possibly through the reverse polymerase reaction known as pyrophosphorolysis, as has been described for HIV-RT 42, 47, 48 . The appearance of an extended degraded primer for substrates containing a terminal 8-oxoG (Fig. 5) suggests that the blocking nucleotide is removed before telomerase elongation in reactions with normal dNTPs. However, if this nuclease removes 8-oxodGMP after incorporation, the presence of 8-oxodGTP in the reaction would allow reincorporation, thus setting up a futile cycle. Detection of nuclease activity depends on the ability of telomerase to elongate the substrate 47, 48 ( Supplementary Figs. 6 and 7) , thus suggesting that these activities are tightly linked. Second, telomerase primer utilization may be more flexible than dNTP utilization. Previous work has shown that telomerase elongates a primer with 3′ nontelomeric sequence or a 3′-dideoxynucleotide but terminates after ddNTP incorporation 47, 48 . This observation is highly reminiscent of our finding that telomerase elongates primers with a 3′-8-oxoG but fails to extend after 8-oxodGTP incorporation. The earlier studies provide evidence of a conserved telomerase endonuclease activity that can cleave primers 47, 48 .
The observation that 8-oxoG incorporation terminates telomerase elongation affords several predictions regarding the effects of elevating oxidized dNTPs on telomere integrity. First, telomere maintenance should be inhibited. After MTH1 depletion, the HeLa VST cells showed an average of 3.5 telomeric foci colocalized with 53BP1 ( Supplementary Fig. 3e) , an impressive result, given that telomeres in these cells constitute less than 0.005% of the genome. The TIFs are probably underestimated, given that very short telomeres are difficult to detect. Moreover, MTH1 depletion also increased telomere loss in HeLa VST cells (Fig. 4d,e) . Although reliable methods for precisely measuring 8-oxodGTP levels are lacking, even trace amounts of 8-oxodGTP (<1% of dGTP) cause DNA polymerase γ to generate mutations 49 . Replicative polymerases have much lower error rates (~10 −6 ) than that of telomerase (~10 −3 ) 50, 51 , and the observation that high-fidelity polymerases utilize 8-oxodGTP in cells 16, 28 suggests that telomerase may do so as well. Second, MTH1 depletion should accelerate telomere shortening. Unfortunately, the recovery of MTH1 expression during continued cell culturing precluded the determination of effects on telomere shortening, thus suggesting that there was selective pressure for MTH1 expression during passaging under 20% oxygen. Third, the deleterious effects of MTH1 depletion should depend partly on telomerase activity. BJ-hTERT fibroblasts are more sensitive than telomerase-deficient BJ cells (Supplementary Fig. 5 ). Previous studies have also reported that telomerase-deficient primary cells are less sensitive to MTH1 inhibitors than cancer cell lines, almost all of which are telomerase positive 14 . Tumors frequently have shortened telomeres despite the presence of telomerase 52 . Whether the telomerase-negative U2OS cancer cell line, which maintains telomeres by alternative lengthening of telomeres, is sensitive to MTH1 inhibitors is controversial 14, 53 . Collectively, these studies indicate that dependence on robust telomerase activity may partly explain why cancer cells are more sensitive than normal cells to oxidized dNTPs.
The finding that cancer cells with short telomeres are more sensitive to MTH1 depletion than cells with long telomeres suggests a difference in the dependence on telomerase activity for short-term viability. In agreement with this possibility, previous studies have found that cancer cells with short telomeres are more sensitive to telomerase a r t i c l e s inhibition than cancer cells with long telomeres, and that apoptosis induction is rapid, within 2-4 d (refs. 41, 54) , similarly to MTH1 depletion in HeLa VST cells. This timing is insufficient to allow enough cell divisions for substantial telomere shortening, thus supporting the model in which cells with short telomeres replicate with critically short telomeres and require telomerase activity at each cycle for viability 54 . In agreement with this possibility, control HeLa VST cells have more telomeric signal-free ends than do HeLa LT cells (Fig. 4e) . Similarly to our results with MTH1 depletion, treating telomerasepositive cancer cells with the analog 6-thio-2′-deoxyguanosine (6-thio-dG) also induces rapid cell death and acute telomere dysfunction 55 . Normal telomerase-deficient cells are less sensitive to 6-thio-dG, similarly to their lower sensitivity to oxidized dNTPs 14, 55 . Collectively, these results indicate that cancer cells with limited telomere reserves are vulnerable to acute telomerase inhibition by the incorporation of chain-terminating nucleotides. Our result that 8-oxoG destabilizes GQs in the telomeric overhang and enhances telomerase accessibility (Figs. 5-7) , offers an explanation for the findings that unrepaired 8-oxoG lesions in OGG1-deficient mice and yeast promote telomere lengthening in vivo or cell culturing under 3% oxygen 10, 23 . Although OGG1 cannot remove 8-oxoG in single-stranded DNA, it can do so when the overhang pairs with duplex DNA in the t loop-D loop structure 56 . Interestingly, culturing OGG1-deficient cells under 20% oxygen promotes telomere shortening and aberrations 10 , thus suggesting that under pro-oxidant conditions, MTH1 levels in normal cells are insufficient to sanitize dNTP pools 32 . Our studies indicate that the elevated levels of oxidized dNTPs caused by oxidative stress probably contribute to telomere shortening in OGG1-deficient cells cultured under pro-oxidant conditions and override any benefits of 8-oxoG destabilization of telomeric GQ.
Our results indicate that addiction to MTH1 in cancer cells is modulated partly by their telomere length and their dependence on robust telomerase activity for short-term viability. Whereas incorporation of oxidized nucleotides might also affect shelterin binding or t-loop assembly, such effects are inconsistent with the lack of sensitivity to MTH1 depletion observed in HeLa cells with long telomeres. Thus, the analysis of telomere length in telomerasepositive tumors may predict which tumors would be responsive to MTH1 inhibition. A recent study has reported that human U2OS and SW480 cell lines are insensitive to MTH1 depletion 53 , thus further suggesting that numerous cellular factors influence sensitivity to oxidized dNTPs. For example, MTH1 depletion in cells expressing oncogenic RAS suppresses transformation and tumorigenesis 17, 57 . Finally, antioxidant therapy promotes metastasis of human melanoma in mouse models, thus suggesting that oxidative stress may inhibit metastatic progression in vivo 58 . Our studies provide evidence that oxidative-stress-induced damage of dNTP pools inhibits the ability of telomerase to maintain telomeres for sustained proliferation of malignant cells with critically short telomeres.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
